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Executive Summary 

The Department of Defense has strong interest in realizing small, reliable, cost-effective photodetectors, 

with high sensitivity and solar blindness for various applications including bio-aerosol detection, micro 

flash ladar for navigation, deep-UV imaging, and others.  A discussion on these and other applications 

may be found in [1].   

Photoemissive detectors such as PMTs and their variants have been the only viable technology for 

photon-counting in the deep UV.  While PMTs exhibit extremely low dark count rates and large active 

area, they are bulky, fragile, and require optical filtering rendering their quantum efficiency to be very 

low.  To address the DoD needs, original requirements set forth in the DARPA DUVAP program 

included detectors exhibiting: 6 OD solar rejection, 60 degree field of view (FOV), Geiger mode 

operation at 280 nm, large active area (1 cm
2
), as well as low dark count rates and high quantum 

efficiency.  

To achieve this goal, the DUVAP program was divided in three phases. The primary goal of the first 

phase was to demonstrate feasibility of Geiger mode operation of single UV avalanche photodetectors.  

Two material systems were explored: gallium nitride or GaN (multiple program performers) and silicon 

carbide or SiC (General Electric together with the University of Virginia).  In the latter, GE's role was to 

focus on APD design, full-wafer fabrication development and yield assessment as well as Geiger mode 

device characterization, whereas UVA's role included exploring novel device structures, novel fabrication 

methods and studying the detailed physics of APD performance for feedback and iteration with GE.  SiC, 

being a significantly more mature material than GaN, was successful in demonstrating Geiger mode 

APDs with good FOV, and reasonable quantum efficiency (>40% peak).  As SiC has an indirect bandgap, 

optical filters were applied to the devices in order to block irradiance outside the solar blind window from 

reaching the active area of the device and thereby generating photocurrent.  This work furthered the 

progress with the demonstration of devices with over 4 OD solar blindness with an integrated filter, and 

>6 OD when an external filter was applied. 

In phase 2, the focus shifted to developing arrays of APDs to address the active area requirement as 

well as the design and integration of read-out integrated circuits (ROICs), the latter being done in a 

separate program by MIT-Lincoln Labs (running in parallel).   During the second phase program, both 

4x4 and 8x8 SiC APD arrays have been demonstrated with world-record single photon detection 

efficiency (SPDE) and dark count rate (DCR).  A summary of progress up to about mid-2009 may be 

found in [2], as well as in the yearly August reports submitted through ARO.  Since that time, further 

advancements have been made with initial work exploring micro-lenses to enhance APD array 

performance, as well as the demonstration of APDs with 40% single photon detection efficiency (SPDE) 
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with 1,000 Hz dark count rate (DCR) and 20% SPDE w/ <200Hz DCR.  These are also best performance 

results as identified by GE in the literature to date for this technology.  The best performing SiC APD 

arrays made by GE Global Research, will be integrated into specially designed ROICs from MIT-LL for a 

system-like demonstration.  This is expected by the end of 2010.   

The original goal of a phase 3 program was to: optimize the design of the APD arrays, demonstrate 

novel integration techniques for optics to improve the effective fill factor as well as optimize the ROICs 

for SiC APDs and perform a system demonstration(s).  While initial work towards these goals has been 

started, the other key phase 3 task of transitioning the detector technology to a DARPA specified partner 

will not see development as it has since been determined that phase 3 of the DUVAP program will not go 

forward. 

 

Program Objective and Technical Need 

As identified in DARPA's BAA06-14, DUVAP's stated goals were to develop novel photodetector 

technology towards general bio-fluorescence and NLOS communication based needs.  Avalanche 

photodiodes working in the solar blind window (about 240 to 280 nm) were the development focus, with 

a desired goal of achieving compact, high efficiency, low noise, robust APDs capable of high gain or 

Geiger mode operation. 

Since the release of BAA 06-14, the applications originally discussed were de-emphasized with a 

more general goal of attaining large area (via detector arrays) uniformity of Geiger mode performance.  

Key to these goals was achieving a high SPDE with a low DCR, while optimizing the fabrication process 

for suitable yield to facilitate large area arrays.  Further improvements subject to study were the 

integration of APD arrays with optics such as microlenses, which may serve to enhance light collection 

and therefore effective fill factor of the array.  Such developments lead to a broader applicability of these 

detectors, and guidance on device specifications for military applications was given by either DARPA or 

MIT-Lincoln Labs, who have a parallel project on-going.  See ref. 1 for examples of applications and SiC 

detector performance.   

 

 

 

 

Program Description and Milestones 
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The following objectives were called out in the original GE-UVA DUVAP program proposal:  

1. Optimizing crystal growth and APD design using multiple modeling tools and device fabrication 

trials and testing to achieve low dark current near breakdown, high unity-gain external quantum 

efficiency, and high spatial uniformity. 

2. Extending work on linear-mode device operation to develop single-photon-counting Geiger-mode 

detectors. 

3. Developing and integrating optical filters to achieve very a high solar photon rejection ratio while 

maintaining high solar-blind detection efficiency. 

4. Improving material uniformity and fabrication yield so large area arrays can be realized for 

integration into an NLOS system. 

The following lists the milestones as identified in the 2006 proposal by the GE-UVA team.  At 9 

months from the beginning of the program: 

• Optimized APD designs with a p-i-n structures (Task 1) 

• Wafers with optimized p-i-n structure epitaxy (Task 2) 

• Performance assessment of p-i-n structure SiC APDs (Task 3) 

• Trade-off comparison of optical filter design approaches (Task 4) 

At 18 months from the start of the program: 

• Optimized APD designs with SACM structures (Task 1) 

• Wafers with optimized SACM structure epitaxy (Task 2) 

• Performance assessment of linear- and Geiger-mode SACM APDs (Task 3) 

• Down-selection of optical filter approach (Task 4) 

• Demonstration of APDs with integrated filters (Task 4) 

• Go/no-go decision: SiC APDs have demonstrated feasibility for NLOS system capability 

At 27 months from the start of the program: 

• Wafers with optimized epitaxy for SACM-based APD arrays (Task 2) 

• Performance assessment of APD arrays with integrated optical filters (Task 5) 

• Trade-off comparison of array packaging approaches for feasibility demonstrations (Task 5) 

At 36 months from the start of the program: 

• Optimized SiC APD arrays demonstrating performance facilitating an NLOS system 

demonstration (Task 5) 

• Arrays from Task 5 may be made available for independent assessment and feedback by 

DARPA designated contractors (Task 5) 

• Go/no-go decision: SiC APD arrays have demonstrated feasibility for NLOS system capability 

Scientific and Technical Results and Accomplishments 
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As the criterion goals of the APDs' and arrays' performance were left somewhat general, a careful 

design, fabrication, test and evaluation loop was instituted to gain strong insight into the device design 

choices.  Towards the initial goals stated above, the GE-UVA team met largely with success. 

With regard to the first goal, a GE team studied various metalorganic chemical vapor deposition-

based conditions to optimize APD structure morphology and structure.  These developments, done on a 

single-wafer research reactor, served as a guide for the team to ultimately model, iterate and settle on the 

multi-layer separate absorption and multiplication (SAM) or separate absorption, charge and 

multiplication (SACM) region design SiC APD, for example, see [3].  For APD arrays and latter 

optimization in phase 2 of the program, the team largely used commercially available SiC epitaxy made 

to specification.  To the second and third goals, SiC APDs with low leakage up to the onset of breakdown 

were made for linear mode operation in phase 1, at which point, the team was directed by DARPA to 

focus on Geiger mode operation of the detectors.  Here, a Geiger mode detector test capability was 

developed to evaluate the best yet designs.  The team reviewed progress with ARO and DARPA at this 

time to positive feedback, including a demonstration of low-noise Geiger mode operation with an 

integrated optical filter.  The filters were designed in concert with Barr Associates (Westford, MA), and 

ultimately deposited by Barr, resulting in good large area uniformity in phase 1, which had design 

optimizations in phase 2.  In the fourth stated goal, whole three inch diameter SiC wafers were used in the 

fabrication of SiC APDs and arrays with device breakdown voltage yields on some wafers reaching 

greater than 80%.  Combined with high uniformity optical filters, arrays with over 80% of the detectors 

working were demonstrated both in single device mode, but also in the mode of a photomultiplier [4].  A 

more detailed accounting of the team's progress may be found in the annual August reports submitted to 

ARO for the DUVAP program. 

To the stated goals, the first phase (18-month) goals were reached sufficiently as determined by ARO 

and DARPA, thereby granting passage to a second phase of DUVAP.  It is noted that the p-i-n structure 

was developed in concert with the SACM design, however the SACM design offered greater performance 

potential with the trade-off of a slightly more complex production approach.  Therefore, the second phase 

program dealt mainly with SACM design devices and their optimization into detector arrays.  Arrays were 

thus designed and their designs iterated upon with key criterion in mind such as high fill factor, larger 

areas desired, ease of packaging and implementation and integration with micro-lens arrays.  Several of 

the design choices used in the latter portion of phase 2's program were made with the help of MIT-LL, 

who retained key application expertise and knowledge, as they work towards a system demonstration 

using GE-UVA-made SiC APDs and arrays. 

The GE-UVA team also lists the following accomplishments from the DUVAP program: 
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• APD designs were evaluated and optimized 

using optical and electrical device simulations, 

and associated fabrication methods for solar-

blind SiC APD arrays have been developed.  

Absorption coefficient properties were derived 

from iteratively made APD structures for SiC, 

and subsequently used to speed device 

improvements [5] by predicting UV and solar blind optical behavior. Figure 1 shows a 

schematic cross section of the developed SiC APD. 

• Novel fabrication processes required for this program included controlled sidewall etching of 

the APDs, the integration of thin film optical filters 

and array layout design.  These were used to attain 

low leakage APDs with effective suppression of 

sidewall leakage current. Figure 2 shows an SEM 

image of APD array 8x8.  

• SiC ionization rates were studied in an in-kind 

collaboration with Sheffield University.  These studies 

have made new determinations of ionization rates for 

SiC over a wide temperature and electric field range, 

and have enabled subsequent device modeling work to 

be increasingly accurate [6]. 

• SiC APDs operating at a wavelength of 280 

nm with the effective Geiger mode gain of 

10
6
 have been demonstrated. A dark current 

density of ~20 nA/cm
2 

at a gain of 1000 

was achieved in the best devices. Figure 3 

shows a yield map and yield distribution of 

the best devices on a SiC wafer. 

Cumulative yield of SiC 4x4 arrays with 

more that 80% of devices per array 

demonstrating a dark count rate of <~1kHz 

at gain of ~10
6
 was ~70%. 
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Figure 1. Schematic cross-section of SiC 

APD. 
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Figure 2. SEM image of APD array 
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Figure 3. Yield map and yield distribution of 

the best devices on a SiC wafer 
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• Thin film, dielectric stack filters were selected from a study of available technologies as they 

afforded device integration and flexibility in 

design.  Optimum filters were about 5 µm 

thick and comprised of about 100 layers, and 

were successfully integrated onto SiC APDs.  

A solar rejection ratio between 280 nm and 

320 nm was 5x10
4
 for the integrated filter and 

5x10
5
 for an external filter, when deposited 

onto an optically polished sapphire substrate.  

Devices with external and integrated solar 

blind filters showed rejection ratio of at least 

10
6
 for visible photons, but the rejection ratio 

of near-UV photons was slightly lower than expected in devices with integrated filter due to 

small but appreciable surface roughness on the device. Figure 4 shows spectral responses of 

APD detector with filters and SEM cross-section of dielectric stack filter. 

• GE SiC Solar blind detector 

demonstrated the best response in deep 

UV spectral region and better solar 

rejection ratio than Perkin Elmer and 

Hamamatsu detectors. Figure 5 shows the 

external spectral response of the typical 

SiC APD device with the solar blind 

filter. The spectral sensitivity is 

compared to currently available solar-

blind detectors on the logarithmic scale. 

Note, Si detector provides a better ratio due to much expensive and much thicker 

OFIL filter .A sharp roll-off of the sensitivity above 300nm, high sensitivity in the 

ultraviolet portion of the spectrum and high visible photons rejection ratio makes GE 

SiC-based detectors one of the most efficient and cost-effective detectors for solar-

blind light detection. 
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Figure 4. Spectral responses of APD 

detector with filters and SEM cross-section 

of dielectric stack filter. 
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Figure 5. State-of the-Art of solar-blind 

detectors 
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• Measurements of the dielectric stack filters also confirmed that a 60 degree FOV is 

achievable for the current design.  Thicker filters improve cutoff sharpness, however, further 

restrict FOV. 

• Quantum efficiency of ~50% (280nm) was demonstrated with high solar (4 OD) and visible 

(5.5 OD) rejection ratio using an integrated 

filter. 

• Array designs were fabricated, tested and 

improved resulting in 4x4 and 8x8 element 

arrays with appreciable device yield, as 

measured across the wafer.  A 4x4 element 

version of this design was selected for ROIC 

design and integration by MIT-LL and initial 

testing on single APDs confirmed baseline 

functionality. 

• Figure 6 shows plots of dark count rate 

versus the single photon detection efficiency for APD devices fabricated in the 

program. A single photon detection efficiency (SPDE) of 40% with 1,000 Hz dark count rate 

(DCR) and 20% SPDE w/ <200Hz DCR was demonstrated.  

• Off the shelf micro lenses were acquired 

and initial testing on SiC APDs tailored to 

their layout showed a nearly four-fold 

increase in photoresponse, but with a 

narrower field of view of about +/- 20 

degrees as shown in  Figure 7.  
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Figure 6. Plots of dark count rate versus the 

single photon detection efficiency for APD 

devices fabricated in the program 
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Figure 7. Photoresponse of APD array with 

and without microlens optics vs. angle of 

incident light. 
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Application and Considerations for the Future 

The SiC APDs and arrays developed under this program may be applied to the applications identified 

in the original DUVAP BAA, or those for general DoD or industrial use.  While GE will continue to 

evaluate potential industrial applications for this technology, following the completion of phase 2, no 

continuing activity is currently planned.   
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